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A paramagnetic center, unpaired electron, is required for DNP experiments. Most of the high field DNP experiments from MIT utilize the cross effect (CE) polarization mechanism with nitroxide radicals 18 or biradicals, two nitroxide radicals tethered together for stronger electron-electron coupling 28, 29 . The CE mechanism rely on three-spin flip processes where two electrons that differ in energy by the nuclear Larmor frequency, ω n , flip flop and the energy difference is used to flip a nuclear spin. Hence, the EPR spectrum must be wider than ω n or two narrow lines separated by ω n 30-32 . Nitroxide-based radicals or biradicals are well suited for DNP experiments to 1 H spins. In typical experiments, the sample of interest is dissolved in or mixed with a cryoprotectant solvent doped with paramagnetic centers and then frozen for DNP experiments at cryogenic temperatures. Continuous irradiation of the EPR line and 1 H spin diffusion facilitate distribution of the enhanced polarization throughout the solvent and solute 25, 33 . The enhanced polarization is then transferred from the abundant 1 H spins to a low-gamma nucleus, such as 13 C or 15 N via cross-polarization (CP) 34 , prior to detection or any other solid-state NMR pulse sequence.
The CE efficiency increases with the microwave field at the sample, B 1 , up to a saturation level, increases with decreasing sample temperature, and is inversely proportional to B 0 29 . For experiments at very low temperature or with very efficient microwave delivery to a static sample, a low power microwave source may be sufficient 33, 35 . High resolution solid-state NMR experiments with magic angle spinning, MAS, have more geometrical constraints on the sample shape and surrounding components such as the MAS stator and NMR coil. The microwave irradiation of the sample may not be as efficient and higher microwave power is important. Additionally, for MAS with cold nitrogen gas (> 77 K), higher microwave power is again critical compared to DNP measurements at lower temperature. Gyrotrons can provide the necessary microwave power with stable continuous-wave (CW) operation.
Most gyrotrons are designed for military, radar, and plasma fusion applications and typically operate up to output frequency of 170 GHz with high output power, kW to MW. They are often operated with pulses of several seconds or tens of seconds, with low duty cycles; and minimal stability requirements. For DNP experiments, true continuous-wave (CW) operation for days with high frequency and power stability is required. This is especially important for structural studies where the DNPenhanced NMR signal intensity must be stable over extended periods of time. Gyrotrons have been successfully developed and utilized by MIT for DNP applications at 140 and 250 GHz 22, [36] [37] [38] and a 460
GHz gyrotron has been experimentally demonstrated 39, 40 . More recently, a 394 GHz DNP gyrotron was designed and tested by the University of Fukui 41 and a 260 GHz gyrotron by IAP / GYCOM, N,
In this paper, we describe a DNP spectrometer with a 263 GHz gyrotron microwave source for MAS experiments at 400 MHz 1 H frequency, and 100 K sample temperature. The gyrotron was designed specifically for extended DNP applications with CW operation with stable frequency and output power.
Details of the gyrotron design, including electron tube, magnet, and control system, are described and tuning curves are presented. The microwave beam is transmitted to the NMR probe via a corrugated transmission line and mode pattern images were taken for evaluation of the microwave beam at the sample area. DNP signal enhancements were measured on urea and proline in water/glycerol doped with TOTAPOL biradical 28, 43 at 95 K. The DNP efficiency depends on a multitude of experimental parameters including the NMR magnetic field position, sample temperature, microwave power, and spinning frequency. These effects were examined experimentally and are reported in here. Polarization build-up times and sample heating from microwave irradiation are also discussed. Finally, high stability of the gyrotron and DNP-enhanced signal intensity are demonstrated over a 36 hour period.
Experimental

263 GHz Gyrotron Design
Gyrotrons are cyclotron resonance masers and a special form of vacuum electronic device (VED) relying on the interaction between an electron beam and a resonant cavity condition to generate microwaves 44, 45 .
All VED's share the following basic components. First, an electron gun contains a cathode and heater for electron emission, with initial electron beam acceleration when a high voltage (cathode voltage) is applied across the cathode to ground or an anode. The electron beam is further accelerated and focused through the electron tube by a magnetic field. Electron beam energy is then converted into radiation in the interaction circuit or cavity. After the cavity, the electron beam continues to the collector while the microwave beam exits the VED through the output window.
For gyrotrons, the resonance condition is achieved when the cyclotron frequency of the electrons, governed by the magnetic field, is nearly equal to the frequency of the electromagnetic cavity mode.
Bunching of the electrons in the beam occurs due to the relativistic dependence of the electron mass and the electron cyclotron frequency on the electron energy. Electrons that are out of phase with the electromagnetic wave are decelerated, which causes them to lose relativistic mass and move forward in phase. Electrons that are in phase with the electromagnetic wave are accelerated and gain relativistic mass, which causes them to move backward in phase. The electrons thus form a bunch in phase space which is rotating at nearly the frequency of the electromagnetic wave and allows for the efficient transfer of energy from the beam to the wave. The cylindrical gyrotron cavities can be overmoded. Therefore, the cavity dimensions are not limited by the wavelength and gyrotrons can produce high output power even at frequencies above 30 GHz where the performance of other types of VED's declines rapidly. More detailed information on gyrotron components and operating principles can be found in several recently published books and articles 22, [44] [45] [46] [47] [48] [49] [50] Gyrotron Tube. A solid model and photograph of the 263 GHz gyrotron tube are shown in Figure 1 .
It is a hard-sealed gyrotron tube, with welded and brazed vacuum joints. After assembly, the tube is processed at high temperature for several days to reduce gas pressure and improve operability. Details of the gyrotron tube key elements, electron gun, interaction cavity, internal mode converter, output window, and collector are described below. Electron gun. A single-anode, or diode, magnetron-injection gun (MIG) was designed to operate at a nominal accelerating voltage, cathode voltage, of 11-15 kV and electron beam currents in the range of 20 -100 mA. The average cathode radius is 0.5 cm and the average cathode loading, at 50 mA beam current, is less than 1 A/cm 2 . The cathode angle and the electrode shapes were optimized to minimize the electron perpendicular velocity spread, which is predicted to be less than 1% at the nominal velocity pitch factor, α, the ratio of transverse to axial electron velocity, of 2.0. The cathode includes a filament heater for electron emission. The magnetic field is generated by a 9.7 T superconducting magnet and the ratio of the magnetic field at the cathode to the magnetic field in the interaction cavity is 26.5. The distance from the cathode to the cavity is approximately 25 cm and the region between the electron gun and the cavity, the beam compression region, includes alternating copper and lossy-ceramic rings to prevent oscillations.
Interaction cavity. The interaction cavity was designed to support the transverse electric TE 0,3,1 mode at 263 GHz. The cavity, which consists of an input taper, a straight section, and an output taper, is predicted to have a cold quality factor, Q, of 6000 and an output mode purity of 99.7%. The calculated peak power density in the cavity, including the non-ideal effects of copper, is 47 W/cm 2 for a nominal output power of 40 W. Because the diffractive cavity Q is 6,000, nearly equal to the ohmic cavity Q, approximately half of the power generated in the cavity is lost in the cavity walls.
Multi-mode efficiency calculations were carried out with a self-consistent, time-dependent code 51 .
Potential competing modes, including the TE 2,3,1 , the TE 5,2,1 , and TE 0,2,3 modes, were evaluated and found to have higher starting currents than the desired TE 0,3,1 mode for the nominal beam, cavity, and magnetic field parameters. Single-mode operation in the TE 0,3,1 mode was also predicted to cover a wide range of operating parameters. Large signal modeling indicated that, for a cathode voltage of 15 kV, a beam current of 30 mA, and a velocity pitch factor of 2.0, more than 100 W of power would be generated in the TE 0,3,1 mode of the cavity, resulting in more than 50 W of power at the cavity exit. Key design parameters of the interaction cavity are shown in Table 1 .
The cavity was designed to be thermally isolated from the gun and internal converter regions of the gyrotron to allow for frequency tuning with varying inlet temperatures of the cavity coolant water at a rate of approximately 4 MHz/degree C.
Parameter Design Value
Operating Internal mode converter. The internal mode converter was designed to transform the annular TE 0,3 mode produced in the cavity to a Gaussian beam that exits the gyrotron through the output window perpendicular to the beam axis. The converter consists of a simple helically cut Vlasov launcher 52 and five focusing and steering mirrors, designed to direct the beam out of the region of the gyrotron in the magnet bore and to focus the Gaussian beam waist to the correct size and position to exit through the window and couple to 19.3 mm ID corrugated waveguide. Because of the non-optimized launcher, the limited space afforded by the magnet bore, and the extended axial distance traveled by the microwave beam from the cavity to the window, the calculated diffraction losses for the internal converter system were as high as 7% and the output mode purity was expected to be no greater than 90%. Cold tests (low power) were performed to align the mirrors and verify the properties of the output beam.
Output window, matching unit and gap filter. The output window consists of a single 0.093-cm thick disk of Al 2 0 3 with a clear aperture of 2.54 cm. Since the incident power and subsequent losses in the window disk are low, the predicted temperature rise with no direct cooling is less than 5 ºC, which offers a large margin of safety for mechanical stresses. A matching unit at the gyrotron window provides a DC electrical break and supports and centers a segment of 19.3 mm ID corrugated waveguide. This first segment is followed by a gap filter with water-cooled Teflon tubing and adjustable horizontal gap length, which absorbs unwanted stray radiation.
Collector. The collector consists of a 2-cm diameter cooled copper section designed to dissipate the spent electron beam, which follows the natural trajectories dictated by the magnetic field of the superconducting magnet. The predicted peak power loading is 250 W/cm 2 resulting in a predicted temperature on the vacuum wall of the collector of about 100 ºC.
Gyrotron magnet.
A magnet is required for electron beam acceleration, beam compression to the cavity and decompression to the collector, and electron cyclotron resonance in the cavity region. The 263
GHz gyrotron magnet shown in Figure 2 is a persistent superconducting magnet with two independent magnetic centers, one in the cavity region and one in the electron gun region. The nominal field for the cavity coil is approximately 9.7 T while the gun coil can be independently adjusted for gyrotron testing and optimization. The magnet configuration provides a good compromise between short gyrotron tube length and reasonable magnet length for a cryogenically-cooled magnet. The magnet is actively shielded with 1 meter radial 5 Gauss line. The microwave beam exits the gyrotron tube transverse to the bore axis above the magnet top plate. with filament heater and high stability on the cathode voltage. The electron beam current is stabilized via a proportional-integrative (PI) controller which adjusts the filament current. There are two separate water circuits with PI controllers, one for the cavity with low heat load but high stability requirement, and one for the collector and tube body with higher heat load but lower stability requirements (chillers from Optitemp). Cooling and heating elements are included in the cavity circuit to cover a temperature range of 12 to 35 ºC for frequency tuning. The control system also contains a power supply for the gyrotron tube 2 l/s VacIon pump and pressure regulator for gas cooling of the electron gun.
263 GHz transmission line and instrumentation for power and frequency measurement
The microwave beam output of the gyrotron matching unit and gap filter couples into a 19.3 mm ID corrugated transmission line. The transmission line is precision machined in 25cm long aluminum segments that are joined together by coupling clamps and held on an extruded aluminum support rail.
Individual corrugations are cut with a period of 1/3 wavelength and 1/4 wavelength depth and length 53 .
Three flat-mirror 90º miter bends are included in the transmission line as the microwave beam travels across the gyrotron magnet top plate, down to a horizontal support rail, across to the NMR magnet, and up to the NMR probe base. The first horizontal segment above the gyrotron magnet, vertical rail, and start of long horizontal rail can be seen in Figure 2 . The distance between the two magnet bores is 2.9 meters.
After the third miter bend, at the probe base, During the intial gyrotron tests, power and frequency were measured directly at the gyrotron window using a calorimetric water load for power measurement and a spectrum analyzer (Tektronix 2784) with a 175-325 GHz harmonic mixer (Tektronix WM782J) for frequency measurement. The water load has typical error bars of ± 3% and can measure powers as low as 0.4 W. Beam images were recorded with an infrared camera (FLIR ThermaCam SC640), burn paper, and liquid crystal paper.
NMR Spectrometer and DNP measurements
DNP experiments were performed on a Bruker BioSpin Avance III 400 Wide Bore NMR spectrometer 
Sample preparation and EPR measurements
All The actual nitroxide radical concentration was measured by EPR spectroscopy at 9.8 GHz using a Bruker BioSpin EMX-Plus spectrometer. Packed and sealed 3.2 mm rotors fit in a 4 mm ID EPR tube.
The nitroxide concentration was calculated using the Xenon software. The spin count measures the nitroxide spin concentration independent of its form, mono radical or biradical. The TOTAPOL concentration was calculated by dividing the nitroxide concentration from the spin count by two, assuming that all the measured nitroxide spins are in biradical form. EPR measurements indicated 20-50% lower TOTAPOL concentration than expected from calculated concentrations indicating errors in the sample preparation or impurities in the TOTAPOL.
Temperature calibration
The spin lattice relaxation time, T 1 , of 79 Br in KBr was used as a thermometer following the methods 
Results and Discussion
263 GHz gyrotron test
Four nominally identical gyrotron tubes were fabricated and demonstrated. A summary of the typical test sequence and measured data for gyrotron tube serial number 4 follows.
During the initial tests, beam voltage, beam current, magnetic field in the cavity region, and magnetic field in the electron gun region were systematically varied to determine the parametric limits and to select a nominal operating point. Figure 3a shows the measured output power and efficiency as a function of beam current for a cathode voltage of 12 kV and a fixed magnetic field. Output powers of 20
to 90 W and efficiencies up to 10% were measured for beam currents from 25 to 75 mA. To obtain lower output power, the cathode voltage can also be adjusted as shown in Figure 3b , where the output power varies smoothly from 90 W to less than 2 W by varying cathode voltage from 12.8 kV to 10 kV while holding the magnetic field and filament power fixed and allowing the beam current to fall naturally as the voltage is reduced. For the measurement, the cavity coolant temperature was held constant at 20 ºC and the frequency varied from 263.59 GHz to 263.52 GHz as the power was tuned.
To achieve smooth power tuning with cathode voltage while maintaining a constant frequency, the inlet temperature of the cavity cooling water can be varied. Figure 3c 
Mode pattern measurements at the sample
The gyrotron output microwave beam is transmitted to the sample through a metallic corrugated waveguide transmission line. The microwaves are launched from the end of the probe waveguide and form a Gaussian-like beam in free space directed at the sample. Infrared images of the microwave beam were obtained to verify the beam pattern at the DNP sample area. A paper target was positioned perpendicular to the waveguide exit and IR images in planes at varying distances of 2.5 cm to 20.3 cm from the waveguide were made. Figure 4 shows the images at 2.54 cm (1 inch) and 10.16 cm (4 inches) from the probe waveguide exit. As is evident in the figure, the microwave power exits the waveguide as a high quality Gaussian beam that is centered and directed at the sample. The distance from the end of the waveguide to the center of the sample is 13.4 mm and the beam waist (radius at which the amplitude is 1/e of the peak value) is estimated at 3.4 mm based on images closest to the waveguide and the expansion out. This beam waist matches well to the NMR sample size, a cylinder with 2.2 mm diameter (rotor ID) and 5 mm length. 
DNP measurements on standard samples and characterization of experimental parameters DNP signal enhancement of urea and proline standard samples. Initial DNP experiments
were performed on a 13 C-urea and uniformly labeled 13 C, 15 N-proline samples dissolved in glycerol/water with 15 mM TOTAPOL. A typical DNP pulse sequence for a CPMAS experiment is shown in Figure 5a .
The microwaves are on continuously and any solid-state NMR pulse sequence can be performed. DNP signal enhancements of up to a factor of 80 were measured on urea at spinning frequency, ω r /2π, of 5 kHz, and up to 70 on proline at ω r /2π = 8 kHz MAS, both at 95 K sample temperature. The 13 C CPMAS spectra of the proline sample with and without DNP are shown in Figure 5b and excellent sensitivity can be seen in the DNP-enhanced spectrum with just 8 second of data acquisition. These results are consistent with previously published DNP signal enhancement factor of 100-115 at 250 GHz and slightly lower temperature 59, 60 . Temperature dependence and polarization build-up times. The cross effect polarization transfer is more favorable at low temperature due to longer electron and proton relaxation times 59 and the first high field DNP experiments using nitroxide radicals were performed at ~ 20 K at 140 GHz static and with MAS at 60 K 18, 19 . The helium temperature experiments were followed by nitrogen temperature experiments at 140 and 250 GHz 20, 21, 26 . Figure 7 shows the temperature dependence of the 1 H DNP signal enhancement from 97 K to 160 K at 263 GHz with TOTAPOL biradical as polarizing agent. The DNP efficiency increases steeply as the temperature approaches 95 K and larger DNP signal enhancements should be observed at lower temperatures using helium-temperature probes 19, 61, 62 .
Reasonable DNP efficiency can still be observed at higher temperature, with a factor of 10 signal enhancement measured at 150 K on the urea sample, expanding high-field CE DNP experiments to a higher temperature range than previously reported. Additionally, it is clear that the sample temperature must be stable for constant DNP signal enhancement during long experiments. can also be used to shorten T 1 . In bacteriorhodopsin this works well because the TOTAPOL is excluded from the bilayer membrane 60 Deuterated solvents have been used to further enhance sensitivity for 1 H DNP experiments followed by CP to low abundance nuclei 28, 29, 63 . Figure 6 For example, during initial testing of different NMR coils for optimization of microwave penetration, the power curves showed the same pattern but reached a plateau at a lower maximum DNP signal enhancement. Similarly, different rotor materials lower the maximum DNP signal enhancement achieved.
For zirconia rotors, the maximum DNP signal enhancement was 18-20% lower than for sapphire rotors filled with the same DNP stock solution and sample volume. All measurements were performed with 6 W of microwave power at the end of the probe waveguide.
Sample spinning reduces microwave heating since the microwave irradiation is transverse to the sample rotation axis and different parts of the sample are heated during a rotation period. It is also beneficial for more uniform microwave irradiation of the sample. Additionally, for DNP experiments using a polarizing agent with an EPR line broadened by g-anisotropy in a static configuration only a subset of electron spins are on-resonance with microwave irradiation and take part in the DNP process.
During MAS, more electron spins are cycled through a resonance condition with the microwave frequency 64 . These factors contribute to the observed dependence of the DNP signal enhancement on the MAS frequency, shown in Figure 10 . The DNP signal enhancement increases quickly from static experiment to ω r /2π = 3 kHz, reaches a maximum efficiency around 3 kHz, and then decreases as the spinning frequency is further increased. We have observed from the KBr temperature measurements that for constant bearing, drive, and VT gas temperatures entering the MAS stator, the actual sample temperature in the sapphire rotor increases by 4 K from static to 8 kHz MAS spinning frequency and an additional 5 K from 8 to 12 KHz. Recalling the temperature dependence in Figure 7 it is clear that increased sample temperature due to MAS would have an adverse effect on the DNP efficiency and comparison of the two data sets indicates that the decrease in DNP efficiency from 8 to 12 kHz spinning frequency is in qualitative agreement with the expected sample temperature rise due to sample spinning.
For example, there is a 22% drop in DNP efficiency from ω r /2π = 8 to 12 kHz and 23% drop in DNP efficiency from 97.3 K to 103.0 K. 
System stability for extended experiments
NMR measurements with hours or days of signal averaging time require stable experimental conditions.
Gyrotron parameters that provided the frequency and power tuning capabilities described in Section 3.1 must now be held constant. Stable gyrotron and DNP operation was demonstrated during a 36 hour run.
The NMR signal intensity of the 13 C δ resonance of proline in water/glycerol with TOTAPOL is shown in Figure 11 recorded as a series of 13 C CPMAS experiments. The spinning frequency was regulated by the set value on all three gas channels. The DNP-enhanced signal intensity variation is less than ± 1% for the largest observed deviations (0.31% standard deviation). The 36 hour gyrotron on period was followed by 80 minutes with the gyrotron off and a 2 hour back on period before final off, with the NMR acquisition continuing during all time periods. During the gyrotron off segment, the cathode voltage is set to zero while the filament current remains at its last value before the gyrotron was turned off. When the gyrotron is turned back on, the cathode voltage increases gradually to 15 kV over approximately 30 seconds. The electron beam current briefly overshoots the target value and is then within 4 minutes regulated back down. The NMR signal intensity also takes a few minutes to stabilize, due to the cathode voltage ramp, electron beam current overshoot, and the equilibration time for the increase in sample temperature from microwave irradiation. Nevertheless, 5 minutes from when the gyrotron was turned back on, the NMR signal intensity had returned to within ± 1% of its average value during the 36 hour run. Detailed information including stability plots on the gyrotron parameters, cathode voltage, electron beam current, microwave power measurements, gyrotron cavity temperature, and tube vacuum, can be found in Supplementary Information. Figure 11 . NMR signal intensity for 13 C δ resonance of 0.1 M 13 C-15 N Proline in glycerol-d8/D 2 0/H 2 0 (60/30/10 volume ratio) with 10 mM TOTAPOL during extended experiment run consisting of 36 hours gyrotron on, followed by 80 minutes gyrotron off, 2 hours gyrotron back on and off again. 13 C CPMAS experiment with 1.5 ms 55 kHz CP, 33 ms acquisition time with 100 kHz SPINAL64 decoupling, ω r /2π = 1.2 kHz, 97 K sample temperature, 16 scans, 1 dummy scans, 6 second recycle delay for each point. The cavity coolant temperature also has a PI controller for constant output frequency and is stable to within ± 0.1 ºC of the 27.5 ºC set point, panel (d). The gyrotron frequency, which was not measured during this experiment, has always been stable to within the measurement resolution of 1 MHz in previous frequency measurements. Therefore, after approximately 3 months of operation the frequency measurement assembly was removed from the directional coupler and replaced with an absorbing load.
Conclusion
The VacIon pump pressure remained at extremely low pressure of 6 x 10 -10 Torr during the entire run.
We have seen absolutely no signs of any limitation on duration of gyrotron operation, including experimental DNP runs of up to 12 days. 
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